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The CMK-1 CaMKI and the TAX-4 Cyclic
Nucleotide-Gated Channel Regulate Thermosensory
Neuron Gene Expression and Function in C. elegans
sis, the cmk-1(ok287) deletion allele was isolated by the
C. elegans Gene Knockout Consortium. gcy-8 expres-
sion was similarly affected in cmk-1(ok287) animals
(data not shown). oy16 and oy17 were allelic to the genes
tax-4 and tax-2, respectively. tax-4 and tax-2 encode the
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Rowland Institute for Science sensation [10, 11]. nhr-38 expression was also downreg-
ulated in animals carrying canonical tax-2 and tax-4 al-Harvard University
Cambridge, Massachusetts 02138 leles (Figure 1B).
We further examined the gene expression defects of
cmk-1 and tax-2/4 mutants by investigating the expres-
sion of AFD-specific genes at different temperatures.Summary
Although mutations in cmk-1 resulted in similar defects
in gcy-8 expression in animals raised at either 15C orThe cultivation temperature (Tc) modulates the ther-
25C (Figure 1B), the expression of nhr-38 was downreg-mosensory responses exhibited by C. elegans on ther-
ulated at 25C but not at 15C (Figure 1B). Expressionmal gradients [1–5]. The AFD sensory neurons are es-
of the LIM homeobox gene ceh-14 [12] and the Otx-likesential for thermosensory behaviors [2], but the
homeobox gene ttx-1 [13] in the AFD neurons was notmolecular mechanisms by which temperature is
significantly affected by mutations in cmk-1 at eithersensed and the memory of the Tc is encoded are un-
temperature (data not shown). The expression of genesknown. Here, we show that the CMK-1 Ca2/calmodu-
in additional sensory and interneuron types was alsolin-dependent protein kinase I (CaMKI) and the TAX-4
unaltered in cmk-1 mutants (see Table S1 in the Supple-cyclic nucleotide-gated channel regulate gene expres-
mental Data available with this article online). Interest-sion, morphology, and functions of the AFD thermo-
ingly, the gene expression defects observed in tax-2sensory neurons. Mutations in cmk-1 and tax-4 result
and tax-4 mutants were distinct from each other andin temperature-dependent defects in AFD-specific
from those of cmk-1 mutants at different temperatures.gene expression, and TAX-4 functions are required
gcy-8 and nhr-38 expression was affected similarly byduring larval stages to maintain gene expression in
the tax-2(p691) mutation at both 15C and 25C. How-the adult. CMK-1 and TAX-4 act cell autonomously to
ever, unlike cmk-1 and tax-2 mutants, tax-4(p678) mu-regulate AFD-mediated thermosensory behaviors. The
tants exhibited significantly stronger gene expressionmolecular requirements for CMK-1 activity in the AFD
defects at 15C (Figure 1B). Since cmk-1(oy21) and tax-neurons appear to be distinct from those previously
4(p678) represent putative null alleles, these results sug-described [6, 7]. We propose that the activation of
gest that gene expression in the AFD neurons may bedistinct programs of AFD-specific gene expression at
regulated by an underlying tax-4/cmk-1-independentdifferent temperatures by CMK-1 and TAX-4 enables C.
temperature-sensitive process. Low temperatures ofelegans to sense and/or encode a memory for the Tc.
15C may require both TAX-4 and CMK-1 to maintain
gcy-8 expression, while at 25C, CMK-1 but not TAX-4Results and Discussion
functions are required. Similarly, nhr-38 expression may
require TAX-4 functions at 15C and CMK-1 functionsMutations in cmk-1 and tax-4 Affect AFD-Specific Gene
at 25C. In all cases where gene expression was down-Expression in a Temperature-Dependent Manner
regulated in adult animals, we observed wild-type levelsTo isolate genes required for the development and/or
of expression in larvae (data not shown), indicating thatfunction of the AFD neurons, we screened for mutants
CMK-1 and TAX-2/4 are required for maintenance butwith altered expression of the AFD-specific markers
not initiation of expression. These results suggest thatgcy-8::gfp and nhr-38::gfp [8, 9]. Expression of the gcy-8
the functions of the TAX-2/4 channel(s) and CMK-1 areguanylyl cyclase and the nhr-38 nuclear hormone recep-
required differentially in the AFD neurons at the twotor genes was downregulated in the oy20 and oy21, and
temperatures.oy16 and oy17 mutants, respectively (Figures 1A and
In addition to gene expression defects, we observed1B and data not shown). oy20 and oy21 failed to comple-
defects in the morphology of the sensory endings of thement and define the cmk-1 locus (K07A9.2), which is
AFD neurons in cmk-1 and tax-2/4 mutants. In particular,predicted to encode a CaMKI homolog [6] (Figure 2A).
the AFD microvilli of cmk-1(oy21) mutants appeared toMolecular analyses indicated that oy21 likely represents
be stunted (Table S2 and Figure S1B), whereas the mi-a cmk-1 null allele (Figure 2B). Subsequent to this analy-
crovillar sensory endings of the AFD neurons in tax-4
mutants were elongated and extended posteriorly (Ta-
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gene expression defects were likely not merely second-4Current address: Lewis-Sigler Institute for Integrative Genomics,
Princeton University, Princeton, New Jersey 08544. ary consequences of the morphological defects, since
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Figure 1. Mutations in cmk-1 and tax-2/4 Af-
fect Gene Expression in the AFD Neurons
(A) Expression of stably integrated gcy-8::gfp
in wild-type (left) and cmk-1(oy21) (right) adult
animals. Arrow points to the cell body of an
AFD neuron. Lateral view; scale, 10 m.
(B) Percentage of animals of the indicated
genotypes expressing gcy-8::gfp or nhr-38::
gfp grown at 25C (left) or 15C (right). Strong
expression is defined as levels of expression
that allow the visualization of the cell bodies
and dendrites of the AFD neurons at 100
magnification; weak expression is defined as
levels of expression that allow the visualiza-
tion of the cell bodies but not the dendrites
at 100 magnification; no expression is de-
fined as no visible GFP expression at 100
magnification. Adult animals were examined;
n  100 for each.
the severity of these phenotypes at different tempera- We first investigated the expression pattern of cmk-1
by examining transgenic animals expressing gfp undertures was not correlated (Table S2).
the cmk-1 promoter. We observed gfp expression in
multiple neuron types, including sensory neurons andTAX-4 Activity Is Required during Larval Stages
at 15C to Regulate AFD-Specific Gene interneurons in the head as well as in motor neurons in
the ventral nerve cord (Figure 2C) [7]. In particular, weExpression in the Adult
Wild-type animals grown at either 15C or 25C express detected gfp expression in the AFD neurons and in the
AIY and AIZ interneurons that together comprise thehigh levels of gcy-8 expression as adults, whereas tax-4
mutant adults exhibit strongly reduced gcy-8 expression thermosensory circuit (data not shown) [2]. In the AFD
neurons, CMK-1 was localized cytoplasmically and ex-when grown at 15C but not at 25C. We performed
temperature-shift experiments to identify the develop- cluded from the nucleus (Figure 2D). Nuclear exclusion
was observed at all developmental stages and in animalsmental stage(s) at which TAX-4 functions are required to
maintain gcy-8 expression at 15C. tax-4(p678) animals raised at both 15C and 25C (data not shown). tax-4
has previously been shown to be expressed in multiplegrown at either 15C or 25C and then shifted as adults
to the converse temperature for 24–144 hr did not exhibit sensory neuron types [10]. Expression of a cmk-1 cDNA
and tax-4 cDNA exclusively in the AFD neurons underaltered gcy-8 expression (data not shown), suggesting
that TAX-4 does not act during the adult stage to regu- the ttx-1 promoter [13] fully rescued the gcy-8 expres-
sion defects of cmk-1 and tax-4 mutants, respectivelylate gene expression. We next shifted tax-4(p678)
mutants grown at either 15C or 25C to the converse (Table 1), indicating that CMK-1 and TAX-4 act cell au-
tonomously to regulate gcy-8 gene expression.temperature at different developmental stages and ex-
amined gcy-8 expression in adults. Animals shifted from
15C to 25C after the L2 larval stage exhibited signifi- CMK-1 Functions via Novel Mechanisms to Regulate
AFD-Specific Gene Expressioncantly reduced levels of gcy-8 expression as adults (Fig-
ure 3). In converse downshift experiments, animals We further investigated CMK-1 functions by examining
the biochemical requirements for CMK-1 activity in theshifted at the L3 stage exhibited reduced gcy-8 expres-
sion levels as adults, whereas animals shifted at later AFD neurons. The kinase activity of C. elegans CMK-1
was shown to be enhanced approximately 10-fold uponstages exhibited significantly higher levels of expression
(Figure 3). These experiments suggest that, in animals phosphorylation of the Thr179 residue in the activation
loop of the catalytic domain by the CKK-1 CaMK kinasegrown at 15C, TAX-4 functions are required during mid-
larval stages to maintain wild-type levels of gcy-8 ex- [6, 14]. A T179A mutation significantly reduced CMK-1
activity [6, 7]. However, CMK-1(T179A) rescued the gcy-8pression in adults.
gene expression defects of cmk-1(oy21) animals (Table
1), indicating that phosphorylation at this residue is notTAX-4 and CMK-1 Act Cell Autonomously to Regulate
AFD-Specific Gene Expression critical for CMK-1 functions in the AFD neurons. Consis-
tent with this observation, ckk-1 is not expressed in theWe next determined the cellular site(s) of action of CMK-1
and TAX-4 in regulating AFD-specific gene expression. AFD neurons (J.S.S. and P.S., unpublished observa-
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Figure 2. Genomic Structure and Expression Pattern of cmk-1
(A) Phylogram showing a neighbor-joining tree of CMK-1 and related protein kinases. The sequences were aligned and analyzed using Bonsai
(http://calliope.gs.washington.edu/software/bonsaiWebDocs/BonsaiDocIndex.html). One thousand bootstrap replicates were performed, and
bootstrap values are indicated by hatchmarks as follows: (/), 50%; (//), 50%–79%; (///), 80%–100%. HsCDC2 and HsMLCK represent outliers
in this analysis. Hs, Homo sapiens; Mm, Mus musculus; Xl, Xenopus laevis; Dm, Drosophila melanogaster; Ce, Caenorhabditis elegans.
(B) Exon/intron structure of cmk-1. Filled, hatched, and stippled boxes indicate the extent of the kinase catalytic domain, the ATP binding
domain, and the regulatory domains, respectively. The regulatory domain includes the autoinhibitory and the CaM binding domains. The
positions and molecular identities of the oy20 and oy21 mutations are indicated.
(C) Expression of a cmk-1::gfp fusion gene in an L1 hermaphrodite larva. Strong expression can be seen in the nerve ring (arrow) and along
the ventral nerve cord (arrowheads). Anterior is at left; scale, 10 m.
(D) Expression of a gfp-tagged cmk-1 fusion gene under the ttx-1 promoter in adult animals. The ttx-1 promoter drives expression exclusively
in the AFD neurons [13]. Arrow points to the cell body of an AFD neuron showing nuclear exclusion of ttx-1::cmk-1::gfp. Anterior is at left;
scale, 10 m.
tions). In addition, mutations in multiple genes impli- mutants were similar to those of tax-4 mutants alone
and were not further enhanced (Figure 1B), suggestingcated in calcium signaling failed to affect gcy-8 expres-
sion (Table S3). CaMKI has been shown to regulate gene that TAX-4 and CMK-1 act in a linear pathway to regulate
gcy-8 expression at 15C.expression via phosphorylation of the CREB bZIP tran-
scription factor in both vertebrates and in C. elegans [6, To further test this hypothesis, we determined
whether a constitutively active CMK-1 could bypass7, 15, 16]. Surpisingly, null mutations in the crh-1 CREB
gene [7] also did not affect gcy-8 expression at any the requirement for TAX-4 at 15C. Truncation of C. ele-
gans CMK-1 at residue 295 deletes the CaM bindingtemperature (Table S3). These results indicate that the
molecular requirements for CMK-1 activity in the AFD and autoinhibitory domains such that the truncated
CMK-1 protein exhibits Ca2/CaM-independent kinaseneurons are distinct from those described previously.
properties [6]. In vitro, the kinase activity of this trun-
cated mutant has been shown to be further enhancedTAX-4 Acts Upstream of CMK-1 to Regulate AFD-
upon phosphorylation at Thr179 by CKK-1 [6, 14]. Re-Specific Gene Expression
placement of Thr179 with Asp mimics a constitutivelyTo determine whether TAX-4 and CMK-1 function in a
phosphorylated kinase, and CMK-1 carrying a T179Dlinear or parallel pathway to regulate AFD-specific gene
mutation exhibits phosphorylation-independent kinaseexpression, we examined the phenotypes of tax-4; cmk-1
functions [6, 7]. We generated a mutant CMK-1 trun-double mutants. At 25C, mutations in cmk-1 but not
cated at residue 295 and carrying a T179D missensetax-4 significantly affected gcy-8 expression. At this
mutation. This mutant is expected to exhibit both Ca2/temperature, the gcy-8 expression defects of tax-
calmodulin- and phosphorylation-independent consti-4(p678); cmk-1(oy21) double mutants were similar to
tutive kinase functions [7]. Expression of CMK-1(1-295,those of cmk-1 mutants alone (Figure 1B). At 15C, gcy-8
T179D) in the AFD neurons partially rescued the gcy-8expression was significantly downregulated but not
expression defects of tax-4(p678) mutants at 15C (Ta-completely abolished in both tax-4 and cmk-1 single
ble 1). Taken together, we suggest that at 15C, calciummutants (Figure 1B). At this temperature, the gcy-8 ex-
pression defects of tax-4(p678); cmk-1(oy21) double influx via the TAX-2/4 cyclic nucleotide-gated channels
Roles of CMK-1 and TAX-4 in Thermosensation
65
Figure 3. TAX-4 Function Is Required during
Larval Stages to Regulate gcy-8::gfp Ex-
pression
Animals of the indicated genotypes carrying
stably integrated copies of gcy-8::gfp (oyIs17)
were either raised continuously at 15C or
25C or shifted to either 25C or 15C, respec-
tively, at different developmental stages. The
gcy-8::gfp expression pattern was examined
in adult animals 3 days after the L4/adult tran-
sition. Wild-type levels were defined as levels
of expression that enabled the visualization
of the cell bodies and dendrites of the AFD
neurons at 100 magnification. Data shown
are from at least two independent experi-
ments. 100 animals were examined at each
time point.
[17] modulates the functions of CMK-1 as well as other by modulating AFD neuron activity. This hypothesis pre-
dicts that cmk-1 and tax-4 mutants would exhibit ther-molecules to regulate gcy-8 expression in the AFD neu-
rons. At 25C, CMK-1 functions may be regulated by mosensory behavioral defects as a consequence of a
failure to sense and/or store the Tc. However, since thecalcium influx via TAX-2 and/or other channels.
Tc may be reset by shifting adult animals to different
temperatures for short periods of time or by starvationcmk-1 and tax-4 Mutants Exhibit Thermosensory
[1, 19], additional mechanisms must also play roles inBehavioral Defects
setting or maintaining the memory of the Tc.C. elegans senses and “remembers” its Tc, and this
tax-4 mutants have been reported to be athermotacticmemory modulates the behaviors of adult animals on
such that they fail to respond to a temperature gradientthermal gradients [1, 2]. The AFD neurons are required
[2]. We investigated whether cmk-1 mutants exhibit sim-for thermosensory behaviors [2] and have been shown
ilar thermosensory behavioral defects. Approximatelyto exhibit higher rates of synaptic release at ambient
25% of cmk-1 mutants exhibit locomotory defects ontemperatures above and below the Tc [18]. The mole-
agar surfaces typically used in either radial or linearcules and neuronal circuits required for sensation, stor-
temperature gradient assays, precluding their use (J.S.S.age, and recollection of Tc are not fully understood.
and W.S.R., unpublished observations). We thereforeSince the requirements for CMK-1 and TAX-4 in the
examined the thermosensory responses of animals sus-regulation of gene expression appear to be in part dic-
pended in a droplet of liquid buffer subjected to temporaltated by the Tc, it is possible that one mechanism by
temperature gradients. Worms suspended in liquid ex-which Tc is sensed and/or stored is via the activation of
hibit a continuous swimming behavior punctuated bydistinct programs of gene expression in the AFD neurons
abrupt large bends or turns that act to terminate thevia CMK-1 and TAX-4 at different growth temperatures
duration of the swimming run [20]. The turning ratio isduring development. The gene expression program may
serve as a memory for the Tc at later stages, perhaps defined as the number of turns exhibited by animals
Table 1. CMK-1 and TAX-4 Act Cell Autonomously in the AFD Neurons to Regulate gcy-8::gfp Expression
Strain Extrachromosomal Arraya Wild-Typeb (%) n
gcy-8::gfp – 100 100
cmk-1(oy21); gcy-8::gfpc – 2 444
ttx-1::TRPV1d 0 116
ttx-1::cmk-1 98 104
ttx-1::cmk-1(T179A) 78 264
ttx-1::cmk-1(1-295,T179D) 99 137
tax-4(p678); gcy-8::gfpe – 3 184
ttx-1 promoter alone 0 30
ttx-1::tax-4 98 196
ttx-1::cmk-1(1-295,T179D) 33 290
One to three independent lines were examined for each plasmid.
a Extrachromosomal arrays contain pRF4 or unc-122::gfp as the coinjection marker.
b Wild-type expression is defined as levels of expression that allow the visualization of the cell bodies and dendrites of the AFD neurons at
100 magnification.
c Adult animals grown at 25C were examined.
d TRPV1 encodes a mammalian cation channel that responds to capsaicin, noxious heat, and acidic pH [30].
e Adult animals grown at 15C were examined.
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Figure 4. Thermosensory Behavioral Responses of cmk-1 and tax-4 Mutants
Animals of the indicated genotypes were raised at either 17C (left) or 25C (right) and subjected to rising temperatures of 19C → 21C or
falling temperatures of 21C → 19C. The turning ratio is defined as the number of turns exhibited by animals in rising temperatures divided
by the number of turns exhibited in falling temperatures. Four to six individual animals of each genotype were subjected to up to five alternating
upramps and downramps each. Asterisks represent responses that are different from those of wild-type animals at p  0.05.
during a positive temporal gradient (rising temperatures) we are unable to exclude this possibility, AFD-specific
gene expression patterns in tax-4 and cmk-1 null mu-to the number of turns exhibited when subjected to
negative gradients (falling temperatures). Wild-type ani- tants are regulated in a temperature-dependent manner,
indicating that these animals retain the ability to sensemals exhibit a turning ratio 1.0, indicating a cryophilic
drive, when subjected to temporal temperature gradi- temperature. We favor the alternate hypothesis that, in
the absence of TAX-4 and CMK-1 function in the AFDents above the Tc. When subjected to similar gradients
below the Tc, the turning ratio is approximately 1.0, indi- neurons, animals do not correctly sense and/or store
the Tc due to defects in the regulation of the appropriatecating indifference to the ambient temperature [3]. De-
velopmental defects in the AFD and their postsynaptic gene expression pattern during a specific develop-
mental stage. Thus, when subjected to rising or fallingpartners, the AIY interneurons in ttx-1 and ttx-3 mutants,
respectively, result in these animals exhibiting a consti- temperatures as adults, tax-4 and cmk-1 mutants fail to
modulate their turning behaviors and exhibit a turningtutively active cryophilic drive regardless of the Tc [1–3,
13, 21]. ratio of 1.0 regardless of the Tc. We cannot easily
distinguish between defects in sensation as opposedWe examined the turning responses of single animals
raised at either 17C or 25C (Figure 4). Animals were to the storage of Tc, since TAX-4 and CMK-1 may play
roles in both processes in the AFD neurons.subjected to rising temperatures of 19C → 21C or to
falling temperatures of 21C → 19C. At the Tc of 17C, It has previously been proposed that the cryophilic
behaviors exhibited by ttx-1 mutants results from thewild-type, ttx-3, and ttx-1 animals exhibited a turning
ratio 1.0, suggesting strong cryophilic drives (Figure storage of an aberrantly low Tc due to AFD-independent
functions of TAX-4 [13], such that tax-4; ttx-1 mutants4). However, at this Tc, tax-4 mutants exhibited a turning
ratio of approximately 1.0. Although cmk-1 mutants also exhibit athermotactic behaviors similar to those of tax-4
mutants alone (Figure 4) [13]. However, TAX-4 appearsexhibited a turning ratio 1.0 under similar conditions,
their responses were significantly weaker than those of to act solely in the AFD neurons to regulate thermosen-
sory behaviors (Figure 4), suggesting that the cryophilicwild-type animals. These behavioral defects resulted
from loss of function of TAX-4 and CMK-1 in the AFD behavior of ttx-1 mutants may be due to an AFD-medi-
ated resetting of the Tc and that TAX-4 may be requiredneurons, since expression of these genes specifically
in the AFD neurons restored wild-type behavior. Consis- to store this anomalously low Tc.
tent with the hypothesis that CMK-1 and TAX-4 act in
a linear pathway, the responses of tax-4; cmk-1 double Conclusions
In summary, we have shown that CMK-1 and TAX-4mutants were similar to those of tax-4 mutants alone.
When subjected to similar positive and negative ramps regulate gene expression, sensory morphology, and
functions of the AFD thermosensory neurons. Modula-at the Tc of 25C, the number of turns exhibited by wild-
type animals in rising or falling temperatures were similar tion of distinct gene expression programs during devel-
opment by the differential activation of CMK-1 and TAX-4(Figure 4). As expected, ttx-1 and ttx-3 mutants exhibited
a cryophilic drive, as shown by a turning ratio 1.0. At at different growth temperatures may enable C. elegans
to remember its Tc. Unlike the well-studied CaMKII andthis Tc, the behaviors of cmk-1, tax-4, and tax-4; cmk-1
double mutants were not significantly different from CaMKIV enzymes, the functions of CaMKI are poorly
understood in vivo. This work represents the first pheno-those of wild-type animals.
It is possible that, in the absence of TAX-4 and CMK-1 typic analysis of a CaMKI molecule. Characterization
of the phenotypes of a cmk-1 mutant in a geneticallyfunction, animals do not sense ambient temperature and
thus are unable to modulate their turning ratio. Although tractable organism now provides us with the tools nec-
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The number of turns made by an individual animal in each up oressary to investigate the molecular mechanisms under-
down ramp was calculated, and the data from all runs were pooledlying the behavioral responses of C. elegans to thermal
for each genotype. Statistical analysis was performed using Micro-stimuli and to also further analyze the physiological roles
soft Excel.
of a CaMKI enzyme in vivo.
Temperature-Shift Experiments
Experimental Procedures tax-4(p678); oyIs17 animals were grown at either 15C or 25C.
Adults were allowed to lay eggs for 4 hr at either 15C or 25C, the
Strains parents were removed, and plates were returned to their respective
Worms were grown using standard methods [22]. Strains were ob- temperatures. Plates were then shifted to either 15C or 25C ap-
tained from the Caenorhabditis Genetics Center unless noted other- proximately every 12 hr. The developmental stage of the animals
wise. crh-1(n3315) was provided by Mark Alkema and Bob Horvitz. was noted at the time of the shift. Expression of GFP was scored
Strains carrying stably integrated fusion genes were provided as in animals that were adults for at least 3 days.
indicated: oyIs17 and oyIs18 (gcy-8::gfp), oyIs15 (nhr-38::gfp) [13];
chIs513 (ceh-14::gfp) [12]; nuIs11 (osm-10::gfp) [23]; oyIs44 (odr-
Supplemental Data1::dsRed) [24, 25]); mgIs18 (ttx-3::gfp) [26]; kyIs104 (str-1::gfp) [27];
Supplemental Data including a figure and three tables are availablekyIs140 (str-2::gfp) [28]; and oyIs14 (sra-6::gfp) [29]. Double-mutant
with this article online at http://www.current-biology.com/cgi/strains were constructed using standard methods and confirmed
content/full/14/1/62/DC1.by complementation tests or by sequencing.
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